Abstract: A model of soil hydrology incorporating rainfall interception and macropore flow, which are representative biohydorologic processes, (BBH-B model) has two composite parameters, Π and Φ. These parameters express the ratios of rainfall interception and macropore flow to gross rainfall, respectively. Their values, however, change widely with the vegetation, soil texture and wetness. The results of experiments that have been carried out for various objectives under various conditions by the present authors were reanalyzed to evaluate these two parameters. Further, two supplemental experiments were designed to identify the two parameters. In the experiments, the monthly mean of Π for a cornfield ranged from 0.18 to 0.64 in the summer months, while Φ for a weed-grown field reached a maximum of 0.8 when daily rainfall was more than 40 mm day −1 . From these analyses and experiments, we concluded that the effects of biohydrologic processes on the water balance of crop fields are rather large and not negligible.
Introduction
The flux of water through unsaturated soil is generally described using a modification of Darcy's law proposed by Edgar Buckingham in 1907 and called BuckinghamDarcy law. Models of soil hydrology can be classified into two groups; one is based on Buckingham-Darcy law and the other is not. A representative model of the former group is a simplified simple biosphere (SSiB) model having 22 model parameters (Xue et al. 1991) , and a typical model of the latter group is a bucket model with two parameters.
Many researchers have made comparative studies of the models of soil hydrology. Robock et al. (1995) showed that there was no evidence that the SSiB model was superior to the bucket model in simulating soil moisture variations in spite of their big difference in number of model parameters. However, Chen et al. (1996) showed that the bucket model overestimated evaporation during wet periods and underestimated it during dry periods. This suggests that the model of soil hydrology should have parameters specifying the surface resistance to evaporation and the redistribution of soil moisture in the soil profile if it is used to estimate evaporation. Kobayashi et al. (2001) tried to remove this drawback of the bucket model and made a hole at the bottom of the bucket to take into account the gravity drainage and capillary rise through the bottom, hence its name "bucket with a bottom hole (BBH) model". This model is also equipped with a parameter specifying the surface resistance to evaporation, and has seven model parameters in total. After that, the two-layer BBH model having 13 parameters was proposed by Iwanaga et al. (2005) , and the BBH-B model incorporating biohydrologic processes such as rainfall interception and macropore flow was constructed by adding two parameters to the single layer BBH model and three to the two-layer BBH model by Kobayashi et al. (2007) . They are called the single layer and two-layer BBH-B model, respectively.
This paper describes an outline of the BBH-B model and estimates of the two composite parameters, which are made of the parameters added to the BBH model to specify the biohydrologic processes, obtained using the outcomes of several experiments conducted for various purposes under various conditions by the present authors so far. 
Biohydrologic processes
Rainfall interception is a representative biohydrologic process and many studies have been carried out on it, but the mechanisms remain poorly understood (Calder 1990) . Although the interception is regarded in general as the evaporation of rainwater from wet vegetative surfaces, dry soil crusts also take part in preventing rainwater from entering into the soil. This prevention by dry soil crusts cannot be distinguished from the rainfall interception by plants in crop fields. Then, we will refer to this process as the "dry-soil-crust (DSC)" rainfall interception in this paper.
Most transport models assume that soils are homogeneous porous media, and models that are constructed based on Buckingham-Darcy law belong to them. However, they are under question relative to the importance and role of large continuous opening (macropores) on water and solute movement through the soil profile (Beven & German 1982) . Macropores are formed by soil fauna activities and plant roots, although they also form due to the shrinkage in clay-abundant soils and the erosion action of subsurface flow, and others. Therefore, macropore flow is another essential biohydrologic process. Figure 1 shows a schematic diagram of the two-layer BBH-B model of soil hydrology. The movement of soil moisture is depicted with dotted, pointed lines and that of rainwater with solid ones. The amount of water contained in the first layer with thickness D 1 is denoted by W 1 (mm), and that in the second layer with thickness D 2 is byW 2 (mm). Then, the following water balance equations describe the changes of W 1 and W 2 in a day from day number t to t+1.
BBH-B model
where Pr: daily precipitation (mm day −1 ), E i : daily evaporation from ith layer (i = 1, 2) (mm day −1 ), Gd i : daily gravity drainage from plus capillary rise into ith layer (i = 1, 2) (mm day −1 ), Rs: daily apparent surface runoff (mm day −1 ). The Pr is measurable and one of the two inputs, the other input being daily potential evaporation. The other five components (E i , Gd i , Rs; i = 1, 2) can be determined using the BBH model parameterization (Kobayashi et al. 2001; Iwanaga et al. 2005; Teshima et al. 2006) . Three parameters α, β, and γ specify the portions into which rainwater is partitioned when biohydrologic processes occur (Fig. 1) .
If the single layer BBH-B model is used and the actual surface runoff is negligible, evapotranspiration (ET) for a rainy day can be estimated as :
where E 1 is the estimate of ET made using the single layer BBH mode and Π ≡ αβ. If the two-layer BBH-B model is used and the second layer is sufficiently wet,
where E 1 + E 2 is the estimate of ET made using the two-layer BBH model and Φ ≡ γ(1 − α)β. The two composite parameters, Π and Φ, specify the effects of biohydrologic processes on ET.
In general, crop fields are constructed so that surface soils would not be washed away by rainwater and irrigation water and, hence, the actual surface runoff could be negligible. Furthermore, except for rain-fed fields in semiarid regions, the lower part of the root zone is so wet that soil water in excess of the field capacity moves downward through the mcropores in it.
ET is often estimated for a period longer than several days including rainy days. Then, the two composite parameters are averaged over the period using daily precipitation as weight.
Structural characteristics of the BBH method for estimating ET and the methods that have relevance to the BBH model are summarized in Table 1 .
Results and discussion
Soil moisture contained in ASSL (W) Figure 2 shows the time changes in measurements of W made at an observation point (Point A) on a grasscovered slope (pastureland) of Mt. Kuju (Oita, Japan) and those predicted using the single layer BBH model (D = 20 cm), when the model parameters were identified for each month. The details of the observation site and method are described elsewhere (Teshima et al. 2006 ). This illustrates the degree of accuracy of the BBH model in predicting soil moisture variations.
Composite parameter specifying interception (Π) (A) Grass-covered slope in a humid region Teshima et al. (2006) it and the largest among the three estimates was 354 mm. Therefore, it is surmised that about 10 % of ET was attributed to the interception from grasses. Since on this slope less than one quarter of precipitation was partitioned into ET, the yearly mean composite parameter Π for this grass-covered slope may be less than 0.03. This suggests that the interception loss from short length grasses in humid regions is trivial.
(B) Cornfield in a semiarid region Mori and Kobayashi (2006) estimated rainfall interception from corn during the mid-season stage (July and August of 2004) at a cornfield in Togtoh, Inner Mongolia, China (hereafter Togtoh cornfield) using a water balance model they constructed. It was shown that daily interception loss I was approximately proportional to daily rainfall Pr, as I = 0.34 Pr, when Pr is less than 5 mm day −1 . However, when Pr > 5 mm day −1 , no significant relation was found between them but I took values smaller than 1.7 mm day −1 regardless of daily rainfall. The cumulative interception loss during the study period of two months was 16.3 mm, which was about 9 % of the cumulative rainfall of 176.0 mm. Thus, it can be said that the composite parameter Π for this cornfield depends on rainfall, and decreases, roughly speaking, from 0.35 to 0.05 as daily rainfall increases, because Pr was smaller than 30 mm day −1 during the study period. Kobayashi et al. (2007) estimated the parameter Π at two observation points in the Togtoh cornfield for two months of June and September of 2004 by analyzing the water balance of ASSL by the BBH approach. The monthly mean was Π = 0.2 for June and Π = 0.05 for September. In May when plant height was lower than a few tens of centimeters and LAI was on the order of 0.1, Π was estimated to be 0.8. This suggests that dry soil crusts absorbed a lot of rainwater and gave it off later into the atmosphere when vegetation coverage was small. Thus, it is surmised that the parameter Π evaluated by the BBH approach reflects the DSC rainfall interception as well.
Ineffective rainfall for the Togtoh cornfield has been calculated by two independent methods. Ineffective rainfall is defined as the part of rainfall that does not contribute to the increase in soil moisture and groundwater, which is designated by ΠP r in the BBH-B notation if the actual surface runoff is negligible; that is, the ineffective rainfall is identical to the interception loss including the DSC rainfall interception loss, in principle. They estimated the ineffective rainfall for the cornfield using the measurements of rainfall and actual ET made in this field, ET being measured by the Bowen ratio method. The details of this experiment are described elsewhere . Estimates of ineffective rainfall made by this method are designated as LiRE estimates.
The other approach is the design standard employed by the local authority, which uses only daily rainfall and defines the ineffective rainfall as (Wang et al. 1993) :
(a) Daily rainfall less than 5 mm day −1 is regarded as ineffective.
(b) Twenty percent of rainfall is regarded as ineffective if daily rainfall is between 5 mm day −1 and 30 mm day −1 . Daily rainfall was not in excess of 30 cm day −1 during the observation period. Estimates of ineffective rainfall made by this approach are designated as LiDS estimates. Table 2 shows the two kinds of estimates of Π. The estimates made by the BBH approach in 2004 are also shown for reference ). These two kinds of estimates seem to be fairly consistent with each other except for July 2005, when rainfall was more than the other months. This suggests that LiRE estimates of Π decrease with increasing rainfall as LiDS estimates do, because LiDS estimates decrease by definition towards 0.2 as strong rainfall events occur more often. This seems to be a reason for the inconsistency between the results of the two approaches for July 2005. Although the LiRE estimates of Π ranged between 0.18 and 0.64 during the observation period in 2004, they were much larger than those estimated by using the BBH approach except for May. The LiRE estimates seem to have been overestimated due to the neglect of transpiration on rainy days, which is the drawback of the LiRE approach. On the other hand, the situation was contrary to it in May. The LiRE approach has nothing to do with the redistribution of soil moisture and, hence, cannot sense the DSC rainfall interception that is detected by the BBH approach. This is why the estimates of Π made by the two approaches for May 2004 differed extremely from each other.
Composite parameter specifying macropore flow (Φ) (A) Basin irrigation The Togtoh cornfield is irrigated once or twice in the growing period (July and August). Iwanaga et al. (2005) conducted an irrigation experiment at the cornfield in 2004 and applied the two-layer BBH model to analyzing the water balance of the field. A basin irrigation, the depth of which was about 150 mm, was practiced on 16 July 2004 and the amount of water retained in the first layer 40 cm thick and second layer 60 cm thick was evaluated at three points in the field. The surplus of the amount of irrigation water over that retained in the two layers was regarded as the macrpore flow. Calculation of the amount of retained water using the two-layer BBH model showed that the values for Φ 482 T. Kobayashi et al. An experiment has been conducted to evaluate the parameter Φ in a site, 2.2 m × 2.2 m in area and 1 m in depth, refilled homogeneously with the on-site soil from which pebbles were sieved out, and exposed to the natural rain in Fukuoka, Japan, during the period from the autumn of 2006 to the spring of 2007. In spring the site was overgrown with weeds. ASSL was defined as the top 40 cm of soil and all the hydrologic elements were evaluated on a daily basis. The macropore flow was defined as the part of rainwater that percolated down out of ASSL within a day when rainfall event occurred. The details of the experiment are described elsewhere .
The results show that macropore flows occurred without exception when daily rainfall was larger than 10 mm day −1 , and the parameter Φ had a tendency to increase with increasing daily rainfall (Fig.3) . However, when the soil profile was unusually wet (dry), Φ was estimated to be much larger (smaller) than usual. These results for three unusual days are depicted by open squares in Fig. 3 .
We can conclude that when the BBH-B model is used, biohydrologic processes such as rainfall interception and macropore flow can be taken into account using the composite parameters Π and Φ. However, their values change widely with the vegetation, soil texture and wetness. The results obtained by the analyses and experiments shown in this paper suggest that the effects biohydrologic processes such as rainfall interception and macropore flow have on the water balance of crop fields are rather large and not negligible. Especially, neglecting the macropores in the root zone and using models based on Buckingham-Darcy law, such as Green-Ampt method, would result in significant underestimation of infiltration.
Therefore, it seems reasonable to conclude that the BBH-B model is a promising model of soil hydrology of crop fields, but further investigations are needed to determine the suitable composite parameters Π and Φ under various conditions.
